Successful suppression of a target memory should reduce its accessibility at a later point; therefore, recall for the response words is assessed at the end of the experiment. A recent meta-analysis of studies in which this paradigm has been used showed that, on average, people tend to have significantly lower recall of no-think items than of baseline items (word pairs that were studied in the initial phase but not presented in the experimental phase; Levy & Anderson, 2008) . This finding, known as the negativecontrol effect, is taken to be evidence that people can successfully inhibit retrieval of an unwanted memory and that doing so impairs recall for that particular memory.
Results from recent studies have begun to reveal the neural substrates that underlie control over memory retrieval. Stopping memory retrieval has been characterized as a response override guided by executive-control regions of the brain, such as the prefrontal cortex (Levy & Anderson, 2002) . Indeed, Anderson et al. (2004) were the first to show that participants exhibited increased activity in the bilateral regions of the dorsolateral prefrontal cortex (DLPFC) and the left ventrolateral prefrontal cortex in no-think trials relative to think trials. Other researchers have shown that these prefrontal areas are also involved in stopping retrieval of emotional memories (Depue, Curran, & Banich, 2007) . In these studies, memory control was accomplished by activation of the prefrontal regions during suppression attempts, which in turn down-regulated activity in the hippocampus to stop memory retrieval and subsequently impaired later recall (Anderson et al., 2004; Benoit & Anderson, 2012; Depue et al., 2007; Levy & Anderson, 2012) . In fact, higher levels of DLPFC engagement during memory suppression correspond to greater hippocampal deactivation and larger memory impairments for to-be-suppressed stimuli (Anderson et al., 2004) . Together, these findings suggest that a set of prefrontal areas inhibits brain regions associated with memory retrieval to prevent recall of unwanted memories.
Although suppression of unwanted memories is clearly possible, people differ greatly in their ability to successfully control memory retrieval (Levy & Anderson, 2008) . Given that successful suppression depends on activation of prefrontal control regions, some researchers have suggested that the ability to engage executive control more broadly should predict variability in memory suppression (Levy & Anderson, 2008) . More specifically, people who are less able to recruit prefrontal areas should show less effective memory suppression in the TNT paradigm. Consistent with this idea, research has shown that agerelated changes in prefrontal functionality predict control over memory retrieval such that older adults (ages 65 to 80) show greater difficulty in exerting control over memory retrieval than do young adults (Anderson, Reinholz, Kuhl, & Mayr, 2011) . Similarly, people who are affected by executive-control deficits, including those with attention-deficit/hyperactivity disorder, or ADHD (Depue, Burgess, Willcutt, Ruzic, & Banich, 2010) or depression (Hertel & Gerstle, 2003; Hertel & Mahan, 2008) , show impaired control over memory retrieval. Thus, individual differences in executive control seem to influence the effectiveness of memory suppression. If so, independent measures of executive-control ability, especially measures of the capacity for inhibitory control, should be useful predictors of the ability to successfully suppress unwanted memories.
One noninvasive and easily obtainable marker of executive-control capacity is heart rate variability (HRV). HRV represents the beat-to-beat changes in heart rate that largely result from the parasympathetic nervous system's tonic, inhibitory influence on the heart via the vagus nerve (Levy, 1990) . The vagus nerve is connected to a set of prefrontal areas, including the ventromedial prefrontal cortex (Thayer, Åhs, Fredrickson, Sollers, & Wager, 2012) , right DLPFC Nugent, Bain, Thayer, Sollers, & Drevets, 2011) , and orbitofrontal cortex . These areas influence parasympathetic input to the heart such that higher activity in the prefrontal cortex is reflected in the form of higher HRV (Ahern et al., 2001 ).The prefrontal cortex is able to inhibit the activity of subcortical structures, which allows the organism to respond to demands from the environment and to organize behavior effectively. Because measures of resting HRV can be used to index the activity of this pathway, HRV has been conceptualized as a marker of inhibitory control .
Moreover, evidence suggests that measures of resting HRV primarily represent a traitlike biomarker (Bertsch, Hagemann, Naumann, Schächinger, & Schulz, 2012) , and longitudinal studies have demonstrated the stability of HRV over time (Li et al., 2009) . Furthermore, higher levels of resting HRV are associated with better performance on tasks that require inhibition, such as those that assess motor-response control (Krypotos, Jahfari, van Ast, Kindt, & Forstmann, 2011) and those that tap broader executive functions, including working memory (Hansen, Johnsen, & Thayer, 2003) and sustained attention . Hovland et al. (2012) found that performance on executive-function tasks that assess inhibition, attentional shifting, and task switching was correlated with HRV; however, the strongest associations were found for measures of inhibition. These results further suggest that HRV predominantly indexes a person's capacity for inhibitory control.
Neuroimaging research also suggests that HRV may be associated with brain networks that support memory suppression. Paz-Alonzo, Bunge, Anderson, and Ghetti (2013) found that greater functional connectivity in a network involving the DLPFC, cingulate cortex, posterior parietal cortex, and hippocampus predicted successful memory suppression on the TNT paradigm. A number of these structures also play a role in the central autonomic network (Benarroch, 1997) , which influences parasympathetic nervous system activity and thus HRV. Indeed, neuroimaging studies have shown that greater regional cerebral blood flow in the right DLPFC and anterior cingulate cortex is linked to higher levels of HRV ). Thus, it is possible that individual differences in HRV indirectly index the functionality of the network that supports successful memory suppression. Despite these associations, it remains unclear whether individual differences in HRV are related to stopping retrieval of unwanted memories.
In the current study, we sought to extend the work in this area by testing the link between resting HRV and the capacity to suppress unwanted memories. We expected that, consistent with previous findings, recall for no-think items would be significantly reduced relative to baseline items, which would indicate that the repeated use of suppression impairs recall for unwanted memories. However, to the extent that memory suppression varies with resting HRV, it should be greater among people with higher resting HRV.
Method

Participants
Eighty-five undergraduate students (mean age = 18.4 years; 63.6% female, 36.4% male) participated in our study. All participants spoke English as a primary language, and none had a previous or current diagnosis of attention-deficit disorder or ADHD. Eight participants were excluded because of noncompliance with the task instructions, as assessed by a postsession questionnaire (M. C. Anderson, personal communication, August, 15, 2012) . Two participants were excluded because they failed to learn at least 50% of the experimental words after three study repetitions, which left a final sample of 75 for analyses. All participants received course credit for their participation.
Stimuli
The materials and procedures used were identical to those used in previous TNT studies (e.g., Anderson et al., 2004; Paz-Alonso, Ghetti, Matlen, Anderson, & Bunge, 2009 ) and were obtained directly from M. C. Anderson (personal communication, August 15, 2012) . The stimuli consisted of 57 word pairs (36 critical pairs and 21 filler pairs). Each pair consisted of a cue word and a response word, and all pairs were designed so that the cue word was weakly associated to the response word. The critical word pairs were divided into three stimulus sets of 12 pairs each, which were rotated through think, nothink, and baseline conditions across participants such that each participant received one of three word-list rotations (rotation A: n = 28; rotation B: n = 25; rotation C: n = 22).
Procedure
Before the experimental task, participants provided informed consent and were fitted with surface electrodes and instructed to rest quietly for 5 min. During this time, heart rate was continuously recorded.
The experiment consisted of three phases: study with feedback, TNT, and memory test. During the study-feedback phase, participants were instructed to learn each of the 57 word pairs. Each pair was presented visually, side by side, for 5 s. After the initial presentation, participants' ability to recall the response words was tested. On each trial, the cue word of a pair (e.g., the left-hand word) appeared, and participants were instructed to speak the correct response word (e.g., the right-hand word) into a microphone. Participants were given 4 s to respond; the correct response word was then displayed for 1 s. The study-feedback procedure was repeated up to three times, until participants remembered at least 50% of the critical response words.
On each trial in the TNT phase, a cue word was presented in a red or green typeface on a computer monitor. For green cue words (think trials), participants were instructed to think of the corresponding response word and keep it in mind while the cue was displayed on the screen (4 s). For red cue words (no-think trials), participants were told to pay full attention to each word but to prevent the associated response word from coming to mind at all. Before beginning the actual TNT phase, participants practiced the task on filler word pairs. Afterward, participants were allowed to ask questions and filled out a short diagnostic questionnaire that assessed whether they understood the task instructions. In the actual TNT phase, participants saw four 108-item blocks, for a total of 432 items, in a specific presentation order constructed using block randomization of the stimuli. Each no-think and think cue word was repeated a total of 16 times in the TNT phase. During this phase, the participants were given a short break (45 s) after each block to help them maintain their attention and focus. To further ensure that the participants understood the task instructions, at the halfway point of the TNT phase, we gave participants the same diagnostic questionnaire administered after the practice trials. The entire TNT phase lasted approximately 27 min.
Finally, in the memory-test phase, participants' memory for the response words was tested with an independent-probe (IP) test and a same-probe (SP) test. In the IP test, participants were given a category and the first letter of the correct response word (e.g., "Media-R__"). In the SP test, participants were presented with the original cue ("Tape") and were asked to recall the response word ("Radio"). In each recall test, participants were tested on a total of 40 word pairs: 4 filler items, 12 think items, 12 no-think items, and 12 baseline items (i.e., items that were studied in the first phase of the experiment but were not seen in the TNT phase). Thirty-eight participants received the IP test first, and 37 received the SP test first.
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To address the issue of noncompliance with task instructions, Anderson and Huddleston (2011) recommended that experimenters take precautions such as using questionnaires and carefully wording instructions and recruitment materials. In the current study, after the memory-test phase was complete, participants completed 4 Gillie et al. a rating scale that assessed their degree of noncompliance with the no-think instructions. We asked participants three questions that assessed the extent to which they made an effort to intentionally think about the responses for the no-think words during the TNT phase. Participants responded on a 5-point scale (0 = never, 4 = very frequently). We excluded from analyses any participants who obtained a score of 6 or more (n = 8). Anderson and Huddleston (2011) suggested that participants who anticipate a final memory test might be less likely to comply with the no-think instructions; therefore, researchers should not mention "memory" or "testing." We therefore made sure that there was no mention of these terms in the experimenter script, consent form, and recruitment paragraph.
HRV
Heart rate was collected by using a standard three-electrode setup. The electrocardiogram (ECG) signal was sampled at a rate of 1000 Hz, with a high-pass filter of 0.5 Hz, and was passed through a BioNex two-slot mainframe (Mindware Technology, Gahanna, OH) to a personal computer. The ECG signal was analyzed off-line using Mindware Technology's HRV analysis software, Version 2.51. This software provides automatic R-peak detection and allows for visual inspection and editing of the ECG signal. Artifact correction was performed for any irregular or ectopic beats. The interbeat-interval time series was written in a single text file and analyzed using the Kubios HRV analysis software, Version 2.0 (Tarvainen, Niskanen, Lipponen, Ranta-aho, & Karjalainen, 2009 ). This allowed us to obtain estimates of HRV. To obtain frequency-domain indices of HRV, we used autoregressive estimates of high-frequency power (HF-HRV; 0.15-0.40 ms 2 /Hz). Higher values of HF-HRV indicate stronger parasympathetic influence on heart rate. Values of HF-HRV were transformed logarithmically (base 10) to better approximate a normal distribution. All procedures were conducted in accordance with the recommendations of Task Force of the European Society of Cardiology and the North American Society of Pacing Electrophysiology (1996) . Figure 1 . To analyze the percentage recall in the SP and IP tests, we first conducted two mixed-design analyses of variance (ANOVAs) with a between-subjects factor of wordlist rotation (A, B, C) and a within-subjects factor of instruction (think, no-think, baseline).
Results
Results for the two recall tests are presented in
2 Planned comparisons were used to assess differences in recall between no-think and baseline items and between think and baseline items.
Results revealed a significant main effect of instruction on both the SP test, F(2, 144) 16. To test the effect of HF-HRV, we compared memorysuppression scores (no-think percentage recall minus baseline percentage recall) between high-and low-HF-HRV groups created through a median split. Specifically, subjects were sorted into high-and low-HF-HRV groups within each word-list rotation. We then combined scores across the word-list-rotation groups to construct highand low-HF-HRV subgroups. We conducted separate ANOVAs for the SP and IP tests, with between-subjects factors of word-list rotation and HF-HRV group (high, low); for each analysis, the dependent variable was the difference between recall for no-think and baseline words. We found a significant between-subjects effect of HF-HRV group for both the IP test, F(1, 69) = 11.26, MSE = 2,941.61, p = .001, η p 2 = .14, and the SP test, F(1, 69) = 4.18, MSE = 722.85, p = .046, η p 2 = .05, such that the high-HF-HRV group displayed less recall for no-think words relative to baseline words compared with the low-HF-HRV group (Fig. 2) . No significant interactions between HF-HRV group and word-list rotation were obtained (both Fs < 1.5).
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Discussion
This study is the first to demonstrate an association between HRV and the capacity to suppress unwanted memories. These results inform current understanding of both resting HRV as a marker of cognitive-control ability and inhibition as a key process in stopping memory retrieval. The neurovisceral integration model (Thayer & Lane, 2000 ) specifies a neural network in which the prefrontal cortex exerts an inhibitory influence on subcortical structures to allow the organism to organize cognitive, affective, and behavioral responses in an adaptive manner. Activity in this network can be indexed by resting HRV level. Our results broaden this conceptualization to include control over memory. Although the TNT paradigm is portrayed as a situation in which inhibitory control is required (Anderson & Huddleston, 2011) , it is relatively unclear whether performance on this task generalizes to other tasks or instances in which inhibition is needed (but see Depue et al., 2010) . We have clarified this matter by showing that memory deficits in the TNT paradigm are associated with resting HRV level, which provides a general index of inhibitory capacity (Thayer & Lane, 2000) . Thus, people who can successfully exert control over memory retrieval are also likely to show enhanced inhibitory control in other response domains, such as motor and affective tasks. Gillie et al.
Although the memory suppression observed in the TNT paradigm is thought to result from inhibitory processes, it is important to consider the manner in which the no-think items are tested (Anderson & Huddleston, 2011) . When participants are presented with a cue word on the SP test, it is unclear whether forgetting the response word is the result of an inhibitory process or of associative interference from some mental activity or strategy that may have been used during the no-think trials, such as thinking an alternative thought or "mind blanking" (Levy & Anderson, 2008, p. 633) . However, this account of forgetting becomes untenable when participants are tested using a novel cue, as in the case of our IP test. For these reasons, memory deficits on the SP test potentially reflect the joint contributions of inhibition and associative interference, whereas performance on the IP test is thought to provide a purer measure of inhibitory control over memory (Anderson & Levy, 2007) . We found the strongest association between HRV and memory suppression on the IP test, as should be expected, given that HRV provides an index of inhibitory capacity . However, the current findings are correlational; the relationship between HRV and forgetting in the TNT task could reflect the involvement of shared processes other than inhibition, such as attention.
The finding that people differ in the ability to suppress unwanted memories may have important clinical implications. For instance, intrusive memories are a defining feature of posttraumatic-stress disorder (Brewin, Gregory, Lipton, & Burgess, 2010) and play a role in its severity and course, such that higher levels of distress associated with uncontrollable memories at the time of diagnosis predict poorer prognosis 6 months later (Michael, Ehlers, Halligan, & Clark, 2005) . Thus, the ability to exert control over unwanted memories seems to be an important factor in maintaining psychological health. Our results imply that clinicians may be better able, compared with current practice, to identify people who struggle with this ability by measuring resting HRV levels. Future studies should examine whether low HRV levels make people more vulnerable to developing disorders associated with memory disturbances because of the connection between low HRV levels and deficits in memory control.
In addition, the association between individual HRV differences and memory suppression may help to explain failures to replicate the expected results of cognitive-control tasks, including the TNT and thought-suppression paradigms. In three experiments that closely paralleled earlier TNT studies, Bulevich, Roediger, Balota, and Butler (2006) found no evidence for a reliable effect of memory suppression. The finding that suppression increases the accessibility of unwanted thoughts, known as the postsuppression rebound effect (Wenzlaff & Wegner, 2000) , has received mixed support, and some researchers have noted the inconsistencies in this literature (Abramowitz, Tolin, & Street, 2001; Purdon, 2004) . These discrepant findings may be due in part to the moderating influence of a third variable, such as HRV. Samples that differ in average resting HRV level, which reflects the capacity for executive control, might also differ in the degree to which suppression is successful.
At minimum, our results suggest that researchers interested in cognitive-control phenomena such as inhibition should account for individual differences in HRV to more clearly estimate their effects. Suppression seems to be an effective strategy for dealing with unwanted memories for people with high HRV levels. It remains to be seen whether treatments designed to increase individual HRV level, such as mindfulness meditation (Tang et al., 2009) and aerobic exercise ( Jurca, Church, Morss, Jordan, & Earnest, 2004) , might also strengthen the capacity to suppress unwanted memories.
One limitation of the current study is that the persistence of suppression-induced effects of forgetting outside the experimental setting remains unclear. In the TNT paradigm, participants attempt to suppress a number of no-think items, but the total amount of time spent in this effort is limited to 27 min. One can imagine that people who are motivated to avoid unwanted memories in a naturalistic setting engage in suppression more frequently and for a much longer period of time. Currently, it is unknown whether the memory impairment caused by suppression lasts only for a brief period or persists for an extended time. One interesting question is whether people who excel in memory suppression (e.g., people with high resting HRV levels) can keep up such efforts over time and retain the benefits of memory suppression. Future studies should investigate this possibility to provide a better understanding of the potential benefits of motivated suppression. In addition, it is unclear whether the current findings generalize to the suppression of more complex, personally relevant memories. Future studies using the TNT paradigm should address these limitations.
In summary, stopping memory retrieval is an act of cognitive control that requires inhibition. People who can more effectively engage prefrontal areas are better able to successfully suppress unwanted memories. Individual differences in resting HRV can be used to index this capacity; people with higher HRV levels demonstrate greater control over memory. By examining HRV levels, researchers and clinicians should be better able to identify people who are likely to struggle with intrusive thoughts and memories. The ability to choose the thoughts one wants to think has important implications for successful adaption in a complex world. Moreover, these results provide further support that HRV indexes the capacity for cognitive regulation, especially inhibitory
